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To examine the role of position-specific differences in cell–cell affinity, recombinant limb buds composed of dissociated and
reaggregated cells derived from anterior (A) and posterior (P) limb bud fragments were analyzed. Dissociated anterior and/or
posterior cells were differentially labeled, and their behavior was analyzed during recombinant limb bud outgrowth. We find
that anterior and posterior cells sort out from one another to form alternating anterior and posterior stripes of cells that
extend distally along the proximal–distal axis. These alternating stripes are prominent across the A/P axis in whole–mount
preparations of recombinant limb buds after 48 h of outgrowth when the presumptive autopod is dorsal–ventrally flattened
and digit rudiments are not evident. After 96 h, when digital and interdigital regions are clearly defined, we find evidence
that A/P stripes do not follow obvious anatomical boundaries. The formation of A/P stripes is not inhibited by grafts of ZPA
tissue, suggesting that polarizing activity does not influence cell–cell affinity early in limb outgrowth. In vitro studies
provide evidence that cell sorting is not dependent on the limb bud ectoderm or the AER; however, cells sort out without
organizing into stripes. Gene expression studies using anterior-specific (Alx-4) and posterior–specific (Shh, Bmp-2, and
Hoxd-13) marker genes failed to reveal expression domains that corresponded to stripe formation. Control recombinant
limb buds composed of anterior, central, or posterior mesenchyme formed digits in a position-specific manner. A/P
recombinant limb buds that develop to later stages form digits that are characteristic of central recombinant limbs. These
data provide the first definitive evidence of A/P cell sorting during limb outgrowth in vivo and suggest that differential cell
affinities play a role in modulating cell behavior during distal outgrowth. © 2002 Elsevier Science (USA)INTRODUCTION
The vertebrate avian limb arises from an embryonic limb
bud composed of undifferentiated mesenchymal cells sur-
rounded by a layer of ectoderm capped by an apical special-
ization called the apical ectodermal ridge (AER). In the early
limb bud, the anterior–posterior (A/P) pattern of digits is
established in reference to a posterior domain called the
zone of polarizing activity (ZPA). Two secreted factors
implicated in the polarizing signal include SHH and BMP-2,
both of which appear to act in a concentration-dependent
manner to influence digit specification in the early limb
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292bud (see Drossopoulou et al., 2000). Later in development,
after the AER and ZPA have regressed, the actual specifi-
cation of digit identity has been shown to occur by the
influence of interdigital zone cells that are posterior to each
digit rudiment (Dahn and Fallon, 2000). During the time
between the initiation of digit specification and the actual
specification event, the limb bud undergoes dramatic mor-
phogenetic changes, including a greater than tenfold elon-
gation in the proximal–distal (P/D) axis. This elongation is
controlled by factors produced by the AER, particularly
FGFs, that stimulate cell proliferation (Niswander and
Martin, 1993) and organize cell movements (Li and Mu-
neoka, 1999). Fate mapping studies demonstrate that the
AER acts as a chemoattractant and that the A/P relation-
ship of cells is maintained during elongation of the bud
(Vargesson et al., 1997; Li and Muneoka, 1999). The main-
tenance of A/P organization during this period of bud
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outgrowth is thus an essential link coordinating early and
late digit specification events.
There has been considerable interest in understanding
the molecular basis of positional information. In the devel-
oping limb bud, the coordinate expression of Homeobox-
containing genes, in particular Hox genes, has been linked
to the establishment of positional information important
for patterning (see Za´ka´ny and Duboule, 1999). At a struc-
tural level, differences in cell surface properties important
for cell–cell affinity have been linked to distinct positional
characteristics in the limb bud (see Ide et al., 1998). In vitro
cell sorting assays have identified position-specific differ-
ences in cell–cell affinity in both the P/D and A/P axes of
the limb bud (Ide et al., 1994). In the P/D axis, position-
specific differences in cell–cell affinity have been linked in
part to differences in expression of cell adhesion molecules,
e.g., N-cadherin (Yajima et al., 1999), and also to differential
expression of Eph receptor/ephrin family members (see
Wada et al., 1998). In addition, treating cells with retinoic
acid, which is known to alter positional characteristics of
cells, is associated with coordinated and predictable
changes in cell–cell affinity (Tamura et al., 1997). Similarly,
misexpression of the Hoxa-13 gene causes position-specific
changes in skeletal morphology and is also associated with
predictable changes in P/D cell sorting (Yokouchi et al.,
1995), and mice carrying a targeted disruption of the
Hoxa-13 gene display altered cell–cell affinity associated
with the down-regulation of ephrin/Eph family members
(Stadler et al., 2001). These findings suggest that position-
specific differences in cell–cell affinity play a role in trans-
lating a system of positional values in the proximal–distal
limb axis into anatomically distinct components of the
limb skeletal pattern (see Ide et al., 1998). In the A/P axis,
little beyond the observation that anterior and posterior
cells sort out in vitro is known; however, there is indication
that cell–cell affinity in the A/P axis is distinct from known
affinity differences in the P/D axis (Wada et al., 1998).
In this study, we investigate the role of differences in A/P
cell–cell affinity in the regulation of bud morphogenesis by
characterizing in vivo cell sorting in recombinant limb buds
FIG. 1. Skeletal pattern of recombinant limbs. (A) Skeletal pattern of normal leg bud of stage 36. The phalangeal formula is digit I:2, digit
II:3, digit III:4, digit IV:5. (B) Anterior recombinant limb with digits I and III. (C) Central recombinant limb with digit II. (D) Posterior
recombinant limb with digit IV. (E) A/P recombinant limb with digit III. (F) Abnormal joints; arrow indicates a joint swelling without clear
separation and arrowhead indicates an incomplete joint. (G) Abnormal joint; arrowhead indicates an incomplete joint. I, digit I; II, digit II;
III, digit III; IV, digit IV; Fe, femur; Ti, tibia; Fi, fibula; TM, tarsometatarsus.
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composed of anterior and posterior cells (A/P recombinant
limb buds). A/P recombinant limb buds develop digit-like
structures in a manner analogous to recombinant limb buds
formed from cells derived from the entire limb bud. When
anterior and posterior cells are differentially labeled, we
find that anterior and posterior cells sort out from one
another and, during outgrowth, form stripes of alternating
anterior and posterior cell clusters that extend along the
P/D limb axis. These results provide the first direct evi-
dence of in vivo A/P cell sorting during limb development
and demonstrate that anterior and posterior cells maintain
properties responsible for position-specific differences in
A/P cell–cell affinity during limb bud outgrowth. The
formation of A/P stripes is not inhibited by grafts of ZPA
tissue, suggesting that differences in cell affinity in the A/P
axis are independent of polarizing activity. We also find that
the digits that form from A/P recombinant limb buds are
phenotypically characteristic of central digits, while recom-
binant limb buds made with only anterior or posterior cells
form digits in a position-specific manner.
MATERIALS AND METHODS
Preparation of Recombinant Limb
Fertilized chick eggs (White Leghorn) were incubated at 38°C
and staged (Hamburger and Hamilton, 1951). Recombinant limbs
were created by using previously described methods (MacCabe et
al., 1973; Wada et al., 1993) with minor modifications. Briefly,
mesenchymal cells were isolated from tissue fragments represent-
ing the anterior, central, and posterior thirds of stage 20–21 chick
leg buds. Tissue fragments were isolated and treated with 0.5%
trypsin in Tyrode’s solution at 4°C for 30 min, and the ectoderm
was removed by manual dissection. Mesenchymal fragments were
incubated in Ca2, Mg2-free Tyrode’s solution (37°C, 40 min) for
dissociation into a single cell suspension (Hattori and Ide, 1984).
Mesenchymal cells were suspended in Ham’s F12 (Gibco) contain-
ing 10% fetal bovine serum and centrifuged to form a cell pellet.
The pellets were incubated at 37°C for 1 h to promote cell
aggregation. To make cell pellets composed of anterior and poste-
rior cells, cell suspensions were mixed in a 1:1 ratio prior to
centrifugation. Recombinant limb buds were made by trimming
mesenchymal pellets into small fragments, and a single fragment
was placed into an isolated ectodermal jacket. Ectodermal jackets
were prepared from stage 22–23 leg buds after incubation in 0.5%
trypsin in Tyrode’s solution (4°C, 3 h). In some cases, a small ZPA
mesenchymal tissue fragment was isolated and inserted with the
cell pellet into the ectodermal jacket. Recombinant limb buds were
incubated at room temperature for 1 h to allow the ectoderm to
adhere to the cell pellet. Recombinant limb buds were grafted onto
the amputated wing buds of stage 19–21 host chick embryos and
held in place with a tungsten pin.
For skeletal analysis, 7 days after the operation, grafted embryos
were fixed in Bouin’s fixative. Tissue was stained with Victoria
blue (Bryant and Iten, 1974), dehydrated in ethanol, and cleared in
methyl salicylate. For whole-mount in situ hybridization analysis,
fixed tissue was processed as described in Yonei et al. (1995). For
section in situ hybridization analysis, fixed tissue was processed as
described in Ishii et al. (1997). Probes used in this study were
FIG. 2. Each region of leg bud was labeled at stage 20 by DiI
injection and analyzed after 72 h. (A) The boundary between the
anterior and the central fragments map to the interdigital region
between digits I and II. (B) The center of the central fragment maps
to the interdigital region between digits II and III. (C) The boundary
between the central and the posterior fragments map to the
interdigital region between digits III and IV.
FIG. 3. Histogram showing the percentage distribution of digit
type formed in recombinant limbs. Anterior, central, and posterior
recombinant limb buds form digits in a position-specific manner;
however, A/P recombinant limb buds form digits that have central
fragment characteristics.
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Bmp-2 (as described by Laufer et al., 1994), Hoxd-13 (as described
by Morgan et al., 1992), Shh (as described by Riddle et al., 1993),
and Alx-4 (as described by Takahashi et al., 1998).
Cell Labeling
Two types of cell labels were used in this study. First, limb bud
cells were labeled in situ by microinjection of the lipophilic dye,
DiI (1,1-dioctadecyl-3,3,3,3-tetramethyl-indocarbocyanine per-
chlorate; Molecular Probes, Inc.). DiI (0.5% in 100% ethanol as a
stock solution) was diluted 1:9 with 0.3 M sucrose containing 0.1%
Nile blue sulfate (Li and Muneoka, 1999). The DiI solution was
microinjected into limb bud tissue by using a pulled glass needle.
For analysis, embryos were fixed in 4% paraformaldehyde and
observed in whole-mount by using fluorescence microscopy. Sec-
ond, dissociated mesenchymal cells were labeled with either
PKH26 or PKH2 (Sigma) prior to reaggregation to form recombinant
limb buds. Cell suspensions were labeled according to the manu-
facturer’s recommended protocol. For analysis, embryos were fixed
in 4% paraformaldehyde and either observed in whole-mount or
after cryosectioning by using fluorescence microscopy. PKH26-
labeled cells fluoresce red when analyzed with a rhodamine filter
set, and PKH2-labeled cells fluoresce green when analyzed with a
fluorescein filter set.
Cell Culture
To characterize cell sorting in monolayer cultures, we used the
method previously described by Yajima et al. (1999). Briefly,
isolated suspensions of cells derived from anterior and posterior leg
bud fragments (stage 20–21) were obtained and suspended in Ham’s
F12 medium containing 1% FBS. Either anterior or posterior cells
were labeled with PKH26, and labeled cells (anterior or posterior)
were mixed with unlabeled cells (posterior or anterior, respectively)
at a ratio of 1:1. Mixed cell suspensions were plated onto a culture
dish by using stainless columns (6 mm diameter) at a final density
of 8.8  105/cm2. Cultures were flooded with medium after 3 h and
incubated at 37°C in 5% CO2 for a total culture period of 18 h.
Control studies included culturing labeled anterior cells mixed
with unlabeled anterior cells and labeled posterior cells cultured
with unlabeled posterior cells. As an additional test for cell sorting,
we cultured differentially labeled and reaggregated A/P mesenchy-
mal cells in hanging drops for 48 h. Mesenchymal cell aggregates
containing PKH26-labeled anterior cells and PKH2-labeled poste-
rior cells were prepared as described above for recombinant limb
buds. These aggregates were placed in hanging drop culture in
Ham’s F12 containing 10% fetal bovine serum. After 48 h, the
cultures were tested for cell survival by trypan blue dye exclusion,
then fixed and analyzed for cell distribution in whole-mount
analysis or following cryosectioning as described above.
RESULTS
Skeletal Pattern of Recombinant Limbs
The limb-forming potential of mesenchymal cells was
analyzed based on the skeletal pattern of limbs formed from
recombinant limb buds. The skeletal anatomy of the chick
hindlimb is shown in Fig. 1A. The identification of digits
was based on the number of phalangeal elements that is
unique for each digit of the hindlimb. The phalangeal
formula for the hindlimb is as follows: Digit I—2, Digit
II—3, Digit III—4, Digit IV—5. In addition to the phalangeal
formula, digit I is associated with a shortened metatarsus
that articulates with the metatarsus of digit II, while digits
II, III, and IV are each associated with an elongated meta-
FIG. 4. A/P recombinant limb buds analyzed after 48 h. (A, C)
Anterior cell distribution in PKH26-labeled anterior/unlabeled
posterior A/P recombinant limb bud. Arrowheads in (A) show
anterior cell stripes visualized in whole-mount preparation. (C)
Histological section of the limb bud shown in (A). (B, D) Posterior
cell distribution in PKH26-labeled posterior/unlabeled anterior
A/P recombinant limb bud. Arrowheads in (B) show posterior cell
stripes visualized in whole-mount preparation. (D) Histological
section of the limb bud shown in (B). Note that cell sorting is
evident at both distal and proximal levels of the limb bud. (E–H)
Fluorescence (E, G) and bright field (F, H) images of the regions
outlined in (C) and (D) showing that stripe formation is not
associated with changes in cell density. (I, J) Homogeneous cell
distribution in control recombinant limb buds composed of
PKH26-labeled anterior cells and unlabeled anterior cells (I) or
PKH26-labeled posterior cells and unlabeled posterior cells (J).
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tarsus. Limbs resulting from recombinant limb buds are
known to form joints between phalangeal elements that are
abnormal (Hardy et al., 1995). In this study, we found that
20% of the phalangeal joints formed abnormally (49/245).
There were two categories of abnormalities, incomplete
joints (76%, 37/49; arrowheads in Figs. 1F and 1G) and joint
swellings without clear separation (24%, 12/49; arrow in
Fig. 1F). The majority of abnormal joints were associated
with the articulation between the 2nd and 3rd phalanx
(80%, 39/49). In our studies, abnormal joints were scored as
true articulations with respect to digit identification.
To analyze the limb forming potential of distinct regions
of the stage 20–21 limb bud, i.e, anterior, central, and
posterior, we first established a rudimentary fate map of
these limb bud regions using DiI microinjection. Limb
regions at the boundary between the anterior and central
fragment, the center of the central fragment, and the
boundary between the central and posterior fragment were
DiI labeled and mapped to digit forming stages. Our DiI-
labeling studies indicated that the boundary between ante-
rior and central fragments mapped to the interdigital region
between digit I and digit II (Fig. 2A), and the boundary
between the central and posterior fragments mapped to the
interdigital region between digit III and digit IV (Fig. 2C).
The center of the central fragment mapped to the interdigi-
tal region between digit II and digit III (Fig. 2B). In this way,
we established that the anterior fragment normally formed
digit I, the central fragment formed digit II and digit III, and
the posterior fragment formed digit IV.
To characterize the interaction between anterior and
posterior mesenchymal cells in outgrowth of recombinant
limb buds, equal numbers of anterior and posterior cells
were used to create A/P recombinant limb buds. A total of
15 A/P recombinant limbs were analyzed, and all formed
digits. These 15 limbs formed a total of 41 digits (2.7
digits/limb), of which 23 could be unambiguously identified
(Fig. 1E). Digits that could not be scored either lacked the
terminal phalanx or were poorly differentiated. Fifty-seven
percent of the identified digits were digit III (13/23) and 43%
were digit II (10/23) (Fig. 3). Notably absent in these A/P
recombinant limbs was the anterior-most digit I or the
posterior-most digit IV. For comparison, recombinant limbs
made from mesenchymal cells derived from the entire stage
20–21 limb bud formed similar digit-like structures. A total
of 7 whole recombinant limbs formed 18 digits (2.6 digits/
limb) of which 15 were unambiguously scored as either
digit II (3/15) or digit III (12/15). Anterior-specific and
posterior-specific recombinant limb buds are reported to
form digits in a position-specific manner (Hardy et al.,
1995). We have confirmed these findings for anterior- and
posterior-specific recombinant limbs and also documented
digit formation in central-specific recombinant limbs. An-
terior recombinant limb buds formed digits in 5 of 13 limbs,
with the majority of limbs (8/13) forming only proximal
skeletal elements. Of the 5 anterior recombinants that
formed digits, 8 digits were produced (1.6 digits/limb), and
all 8 digits could be identified. Of these, 50% (4/8) were
digit I, 25% (2/4) were digit II, and 25% (2/4) were digit III
(Figs 1B and 3). It is interesting that asymmetrical digit
patterns formed only in anterior recombinant limbs. Of 19
posterior recombinant limbs, 17 limbs formed a total of 36
digits (2.1 digits/limb), but only 14 digits could be unam-
biguously identified. Of the 14 identified digits, 36% (5/14)
were digit IV, 57% (8/14) were digit III, and 7% (1/14)
formed a digit II (Figs. 1D and 3). Recombinant limbs
derived from central fragments formed digits that reflected
their fate map. A total of 37 digits formed in 24 limbs (1.5
digits/limb), and 25 digits could be unambiguously identi-
fied (Fig. 1C). The majority digit represented was digit II
(20/25, 80%), digit III formed in 4 of the 25 digits (16%), and
a digit I formed in 1 case (4%) (Fig. 3). These data confirm
the conclusion that position-specific recombinant limb
buds form digits that largely reflect the limb bud fate map
(Hardy et al., 1995).
Distribution of Anterior and Posterior Cells
in Recombinant Limbs
Anterior and posterior limb bud cells sort out from one
another in monolayer culture, providing evidence for the
existence of position-specific differences in cell–cell affin-
ity in the A/P axis (Ide et al., 1994; Wada and Ide, 1994). To
investigate whether position-specific differences in affinity
modify cell behavior during limb outgrowth, we carried out
cell labeling studies to analyze the distribution of anterior
and posterior cells in A/P recombinant limb buds. In initial
studies, the distribution of anterior mesenchymal cells and
posterior mesenchymal cells in the recombinant limbs was
examined by using vital fluorescent dye labeling of either
anterior or posterior cells. PKH26-labeled anterior cells
were mixed in equal numbers with unlabeled posterior
cells, or vice versa, and recombinant limb buds were ana-
lyzed 48 h after grafting. In A/P recombinant limb buds,
anterior and posterior cells sorted out to form stripes of
labeled cells separated by stripes of unlabeled cells that
extended along the P/D limb axis (Fig. 4). Stripe formation
was evident in experiments in which anterior cells were
labeled (Figs. 4A and 4C) or experiments in which posterior
cells were labeled (Figs. 4B and 4D). In whole-mount limb
buds, stripe formation was most evident in the distal region
where the dorsal–ventral axis was flattened (Fig. 4A),
whereas histological analyses indicate cell sorting without
prominent stripe formation in proximal regions (Figs. 4C
and 4D). Stripe formation in A/P recombinant limb buds
partitioned the A/P axis; there was no evidence of cell
sorting to partition the other limb axes. In dorsal–ventrally
flattened limbs where stripes of labeled cells were easily
visible, the width of individual labeled stripes appeared
relatively constant and roughly equal to the width of
unlabeled regions (Fig. 4A). Individual stripes extended in a
continuous manner along the P/D axis, and in some cases,
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bifurcated and/or merged with neighboring stripes of simi-
lar cell type. It is interesting that the labeled cells of an
individual stripe remained together during distal outgrowth
even though the stripe might turn almost 90° relative to the
P/D axis (see Fig. 4A). Histological studies of stripe forma-
tion indicate that the alternating pattern of labeled and
unlabeled cells was not the result of differences in cell
density or patterns of chondrogenesis (Figs. 4E–4H). In
control A/A and P/P studies, labeled cells were distributed
homogeneously (Figs. 4I and 4J), indicating that cell sorting
is not an artifact associated with the cell labeling technique.
In subsequent studies, we employed a double labeling
strategy to document sorting of anterior and posterior cells
in a single preparation. A/P recombinant limb buds were
created with anterior cells labeled with PKH26 (red) and
posterior cells labeled with PKH2 (green). Double-labeled
A/P recombinant limb buds analyzed histologically after
48 h displayed a distribution of alternating PKH26-labeled
stripes of cells with PKH26-unlabeled stripes of cells (Fig.
5A). Similarly, PKH2-labeled stripes of cells alternated with
PKH2-unlabeled stripes of cells (Fig. 5B). When images from
a single section were overlaid, there were clear alternating
stripes of PKH26-labeled red cells and PKH2-labeled stripes
of green cells with few regions of overlap which appears
yellow in these preparations. Thus, our initial observations
were confirmed in these double-labeling studies, demon-
strating that anterior and posterior mesenchymal cells sort
out from one another in vivo to form alternating stripes of
cells that extend along the P/D limb axis. This double
labeling study also demonstrates that a band of cells under-
lying the distal ectoderm displayed relatively homogeneous
labeling, whereas the clearest evidence for A/P cell sorting
was found in the region just proximal to this distal band.
In additional studies, we found evidence for sorting of
anterior and posterior cells 24 h after grafting; however, the
extent of stripe formation was not as dramatic (data not
shown). In studies in which either anterior or posterior cells
were labeled with PKH26 and limbs were analyzed 96 h
after grafting, the formation of A/P stripes was evident in
distal interdigital regions but was not evident in digit-
forming regions in whole-mount preparations (Figs. 6A and
6B). However, histological examination of digit rudiments
showed that sorting of labeled anterior or posterior cells
was present in phalangeal elements at this time point (Figs.
6C and 6D). The observations from later developmental
stages indicate that cell sorting and stripe formation did not
follow obvious anatomical boundaries delineating digit
rudiments from interdigital regions. With respect to digit
identity, these data provide evidence that individual pha-
langeal elements that are anatomically identified as central
digits are composed of segregated clusters of anterior and
posterior cells.
It is well known that ZPA signaling modulates A/P
patterning and that ZPA tissue grafts influence digit forma-
tion in recombinant limb buds (MacCabe et al., 1973; Ros et
al., 1994). To examine whether polarizing activity influ-
ences sorting out of anterior and posterior cells in A/P
recombinant limb buds, a small piece of ZPA tissue was
introduced into the limb bud ectoderm containing the A/P
recombinant aggregate (ZPA-A/P recombinant). In these
studies, anterior cells were labeled with PKH26, posterior
cells were labeled with PKH2, and ZPA tissue was unla-
beled. Forty-eight hours after grafting, the ZPA-A/P recom-
binant limb buds were analyzed histologically for sorting of
anterior and posterior cells. A reduced level of cell sorting
was observed in ZPA-A/P recombinants; relatively small
patches of alternating anterior and posterior cells were
observed in the subapical region of the limb bud (Fig. 7).
Cell sorting was not observed in proximal regions or in a
band of cells directly underlying the ectoderm. These re-
sults suggest that the polarizing signal does not influence
differences in A/P cell–cell affinity during limb outgrowth.
To investigate the role of the ectoderm and AER on cell
sorting, dissociated anterior and posterior cells from stage
20–21 limb buds were differentially labeled and cultured in
monolayer. Sorting between anterior and posterior cells
from stage 23–24 limb buds has been previously described
(Ide et al., 1994; Wada and Ide, 1994). In similar studies, we
found that anterior and posterior cells from stage 20–21
limb buds displayed a moderate level of sorting in mono-
layer (Fig. 8C) as compared with control anterior–anterior
(Fig. 8A) and posterior–posterior cultures (Fig. 8B). As an
additional test for cell–cell affinity differences, differen-
tially labeled anterior and posterior cell aggregates were
prepared as described for creating recombinant limb buds,
and maintained without ectoderm in hanging drop culture
for 48 h. Hanging drop culture provides a stable mainte-
nance environment for whole limb buds in that bud elon-
gation does not occur, but position-specific patterns of gene
expression are maintained during a 48-h culture period
(Schaller and K.M., unpublished observations). Reaggre-
gated anterior and posterior cells cultured for 48 h did not
sort out to form concentric layers, but displayed a modest
level of position-specific cell aggregation similar to the
aggregation pattern observed in monolayer culture (Fig. 8D).
These data provide evidence that early limb bud stage
anterior and posterior cells do sort out in vitro, and thus
provide evidence for differential cell–cell affinities that is
specific to mesenchymal cells. However, by comparison to
the dramatic sorting observed in recombinant limb buds,
there appears to be a strong influence associated with
AER-mediated bud outgrowth that enhances cell sorting
and is critical for stripe formation.
Gene Expression in Recombinant Limbs
The expression pattern of genes that are associated with
specifying skeletal pattern along the anteroposterior axis
was examined in anterior, posterior, and A/P recombinant
limb buds by in situ hybridization. The anterior-specific
gene Alx-4 has been linked to the repression of Shh expres-
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sion in the anterior limb bud (Qu et al., 1997; Takahashi et
al., 1998) and was used as a marker for anterior specifica-
tion. Posterior-specific genes examined included Shh,
Bmp-2, and Hoxd-13, all of which have been implicated in
the specification of digit pattern during limb outgrowth
(Morgan et al., 1992; Dolle´ et al., 1993; Riddle et al., 1993;
Duprez et al., 1996; Drossopoulou et al., 2000).
Anterior recombinant limb buds expressed Alx-4 through-
out the bud at 24 and 48 h after grafting (Fig. 9A), indicating
that these cells retained this anterior characteristic. The
posterior gene Bmp-2 was expressed at low levels in distal
regions of anterior recombinant limb buds at 24- and 48-h
time points (Fig. 9B). Hoxd-13 and Shh were not expressed
in anterior recombinants at either 24- or 48-h time points
(Figs. 9C and 9D). These findings differ somewhat from that
reported by Hardy et al. (1995), where Shh was not found to
be expressed in anterior recombinants, but Hoxd-13 expres-
sion was shown to be induced distally at 48 h. One
explanation for this difference may involve different graft-
ing strategies; Hardy et al. (1995) grafted recombinant limb
buds onto a host limb bud, whereas we grafted recombinant
limb buds onto an amputated stump.
Posterior recombinant limb buds did not express Alx-4 at
either 24 or 48 h (Fig. 9I). In posterior recombinant limb
buds, Bmp-2 was expressed as a band along the A/P axis in
the distal region of the bud at 24 and 48 h (Fig. 9J). Hoxd-13
was strongly expressed in posterior recombinants, but it
was restricted to the distal half of the bud at 24 and 48 h
(Fig. 9K). Shh was also expressed in posterior recombinant
limb buds, but it was restricted to mesenchymal cells
subjacent to the AER at both 24 and 48 h after grafting (Fig.
FIG. 5. Cell sorting in the A/P recombinant limb bud. Anterior
cells were labeled with PKH26 (red) and posterior cells were labeled
with PKH2 (green). (A–C) The same section viewed using a rhoda-
mine filter set (A), a fluorescence filter set (B), or an overlay of the
two images (C). (A) PKH26-labeled anterior cells are distributed as
stripes separated by regions of unlabeled cells. (B) PKH2-labeled
posterior cells are distributed as stripes separated by regions of
unlabeled cells. (C) Overlay of images (A) and (B) showing that
anterior (arrows) and posterior (*) cell stripes alternate with one
another. Regions of cell mixing, indicated by yellow, is prevalent in
the distalmost mesenchyme (arrowheads).
FIG. 6. Cell distribution in A/P recombinant limb buds analyzed
after 96 h. (A, B) A 96-h A/P recombinant limb bud viewed as a
whole-mount under fluorescence (A) and bright field (B). A two-
digit limb formed with a large interdigital region (ID) separating the
digits (D). Distal stripes of anterior PKH26-labeled cells (arrow-
heads) are shown resulting from an A/P limb bud in which anterior
cells were labeled and posterior cells were unlabeled. (C, D)
Histological cross section of a digit (line in B) from the limb shown
in (A) and (B) viewed using fluorescence microscopy (C) and phase
contrast (D). PKH26-labeled anterior cells are aggregated in a
cluster (arrowheads in C) within chondrogenic tissue of the differ-
entiating phalanx (“P” in D). Aggregates of labeled anterior cells (*
in C) are also present in the surrounding mesenchymal tissue (“M”
in D). The cell clusters extend along the proximal–distal axis of
this digit.
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9L). These data are similar to those reported by Hardy et al.
(1995).
A/P recombinant limb buds displayed gene expression
patterns that shared anterior and posterior characteristics,
but the expression pattern was not coincident with stripe
formation. All four marker genes studied were expressed in
A/P recombinant limb buds. The anterior-specific gene,
Alx-4, displayed heterogenous expression in proximal re-
gions 24 h after grafting (not shown), and by 48 h, expres-
sion was considerably weaker (Fig. 9E). Bmp-2 expression at
24 and 48 h was restricted to a distal band similar to that
observed in posterior recombinant limb buds (Fig. 9F).
Hoxd-13 was strongly expressed in A/P recombinants but
its expression was restricted, as compared to posterior
recombinants, to a distal domain similar to that of Bmp-2
(Fig. 9G). Shh expression was restricted to a distal zone of
cells subjacent to the AER at both 24 and 48 h, similar to
that observed in posterior recombinant limb buds (Fig. 9H).
DISCUSSION
Recombinant limbs are composed of randomized and
reaggregated mesenchymal cells covered by an intact limb
ectoderm, and have been utilized as an experimental tool to
examine pattern specification and patterning mechanisms
during limb development (see Zwilling, 1964; Fernandez-
Teran et al., 1999). Recombinant limb buds made from
wing mesenchyme vs leg mesenchyme are distinct in their
respective capacities to form limb structures. Recombinant
limbs derived from whole wing bud mesenchyme develop
poorly due to an inhibitory effect of dissociated ZPA cells,
whereas recombinant limbs derived from anterior wing bud
mesenchyme readily form symmetrical digit patterns
(Crosby and Fallon, 1975; Frederick and Fallon, 1982).
Recombinant limbs derived from whole-leg bud mesen-
chyme lack the inhibitory influence from ZPA cells and
form symmetrical digit patterns (this work; Hardy et al.,
1995). In addition, recombinant limb buds derived from
combining wing bud and leg bud mesenchyme readily form
distal limb structures (Wada et al., 1993), suggesting that
the inhibitory influence of dissociated wing ZPA cells can
be diluted. These limb type-specific differences are unlikely
to be related to differences in cell–cell affinity since wing
bud and leg bud mesenchymal cells display position-
specific sorting, and sorting between wing and leg cells
from similar positions is not observed (see Wada and Ide,
1994). In this study, we used cell-marking strategies to
investigate the interactions that occur between anterior and
posterior mesenchymal cells derived from the leg bud in
recombinant limbs. We found that A/P recombinant limbs
readily formed digits, and that during outgrowth, anterior
and posterior cells sorted out from one another to form
alternating stripes that extend along the P/D limb axis. In
addition, we found that, unlike the position-specific digit-
forming response associated with anterior-specific and
posterior-specific recombinant limbs, A/P recombinant
limbs failed to form anterior and posterior digits but instead
formed central digits. Taken together, the data indicate that
FIG. 7. Cell sorting and the polarizing signal. Anterior cells were
labeled with PKH26 (red) and posterior cells were labeled with PKH2
(green). (A–C) The same section viewed using a rhodamine filter set
(A), a fluorescence filter set (B), or an overlay of the two images (C). (A)
PKH26-labeled anterior cells are distributed as clusters separated by
regions of unlabeled cells. (B) PKH2-labeled posterior cells are distrib-
uted as stripes separated by regions of unlabeled cells. (C) Overlay of
images (A) and (B) showing that anterior (arrows) and posterior (*) cell
clusters alternate with one another. The ZPA graft is outlined and
distal is indicated in each image.
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digits with a central phenotype develop from A/P recombi-
nant limb buds composed of linear stripes of alternating
anterior and posterior cells.
Cell Sorting
Position-specific differences in cell–cell affinity during
limb development and regeneration have been hypoth-
esized to play a critical role in limb morphogenesis; how-
ever, there are few clear in vivo examples of how these
cellular properties might regulate limb formation. In limb
regeneration, level-specific displacement of grafted tissues
correlates with in vitro differences in cell–cell affinity
between proximal and distal cells (Nardi and Stocum, 1983;
Crawford and Stocum, 1988). Similarly, grafts of limb bud
tissues in the chick display level-specific displacement that
correlates with cell–cell affinity differences between proxi-
mal and distal cells indicated by in vitro cell sorting studies
(Ide et al., 1994; Wada et al., 1994; Tamura et al., 1997).
These studies suggest that position-specific cell–cell affini-
ties within the limb bud are playing a critical role in
patterning the proximal–distal limb axis (Ide et al., 1998). In
this study, we showed for the first time that position-
specific sorting of anterior and posterior limb bud cells
occurs in vivo during morphogenesis of the A/P recombi-
nant limb. The sorting of anterior and posterior limb bud
cells is clearly demonstrated by the formation of alternating
anterior and posterior stripes of cells that form during
outgrowth of A/P recombinant limb buds. One interpreta-
tion of the data is that adhesive differences between ante-
rior and posterior cells are responsible for this sorting
phenomenon, although alternative interpretations exist
(see below). Cell sorting between anterior and posterior
cells in monolayer culture supports this interpretation (Ide
et al., 1994; Wada and Ide, 1994; Fig. 8). However, we found
only a moderate level of sorting occurs in mesenchymal
aggregates cultured without the limb bud ectoderm, sug-
gesting that bud outgrowth induced by the AER is playing a
critical role in organizing cell aggregates into elongated
stripes. Thus, in addition to position-specific cell-adhesion
properties, the AER is likely to play a prominent role in
organizing cells during limb outgrowth.
We observed three prominent and distinct zones in A/P
recombinant limb buds. First, the distal-most mesenchy-
mal population that lies directly beneath the AER showed
no indication of cell sorting, suggesting that the AER
inhibits A/P sorting. The AER is known to direct the
migration of mesenchymal cells by the production of FGF-4
and the range of this migration influence is coincident with
this distal zone of unsorted cells (Li and Muneoka, 1999).
The second zone is a subdistal region where prominent A/P
stripes formed. A potential mechanism to account for the
formation of A/P stripes involves an affinity-based sorting
of cells that occurs among nonmigratory cells left behind as
the limb bud elongates. The third zone is the most proximal
level of the recombinant limb bud where cells sorted into
patches but did not form elongated stripes. Cell sorting in
this region suggests that in the absence of AER influences,
anterior and posterior mesenchymal cells behave as they do
in vitro. These observations suggest a model for how
position-specific cell adhesion might function in limb
morphogenesis. Evidence for asymmetrically distributed
adhesion molecules in the A/P axis of the early limb
bud come from in situ hybridization studies showing
that Cadherin-11 transcripts are localized in the anterior
(Kimura et al., 1995) and PB-cadherin transcripts are local-
ized in the posterior (Kitajima et al., 1999). Thus, these two
adhesion molecules represent potential candidates mediat-
ing anterior and posterior position-specific adhesion effects.
We propose that cell sorting by mesenchymal cells is
inhibited by the AER and that once cells leave the influence
of the AER (progress zone) they sort out based on their
position-specific adhesive properties. The inhibitory action
of the AER is likely to be critical for AER-induced cell
migration, a process important for normal limb outgrowth
(Li et al., 1996; Li and Muneoka, 1999). In A/P recombinant
limb buds, subdistal cell sorting occurs in association with
AER-induced bud elongation, thus resulting in elongated
stripes of cells. The width of each cell stripe is likely to be
related to the migratory capacity of the cells as they leave
the progress zone, and appears to be relatively constant for
anterior and posterior cells. During normal limb morpho-
genesis, the adhesive differences between neighboring cells
is thought to maintain spatial order in the A/P axis as has
been shown by fate mapping studies (see Vargesson et al.,
1997). The compartmentalization of migration activities
from cell–cell adhesion during limb outgrowth and mor-
phogenesis provides a mechanism for maintaining spatial
organization in the A/P axis while promoting outgrowth in
the P/D axis.
There is in vitro evidence that qualitative and quantita-
tive differences in the expression of cell adhesion molecules
can drive cocultured cells to sort out (see Nose et al., 1988;
Steinberg and Takeichi, 1994). In addition to adhesion
molecules, another family of signaling molecules, the Eph/
ephrin family, has been implicated in the establishment of
morphogenetic boundaries by acting as repulsive signals for
migratory cells (see Holder and Klein, 1999). Repulsive
signals in combination with cell migration have been
shown to drive cell sorting in vivo (Mellitzer et al., 1999; Xu
et al., 1999). During limb outgrowth, a number of ephrins
and Eph receptors are expressed in the early bud; however,
their expression is patterned along the proximal–distal and
dorsal–ventral axes rather than the anterior–posterior axis
(Flenniken et al., 1996; Gale et al., 1996; Patel et al., 1996;
Araujo et al., 1998; Stadler et al., 2001). Pharmacological
studies to disrupt glycosylphosphatidylinositol-anchored
cell surface proteins, including the ephrinA subfamily,
inhibited P/D sorting of limb bud cells, but had no effect on
A/P sorting (Wada et al., 1998). Treatment with EphA4-
neutralizing antibodies also inhibited P/D cell sorting,
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providing further evidence that ephrin/Eph signaling may
be responsible for position-specific differences in P/D cell–
cell affinity in the limb bud (Wada et al., 1998). Thus, the
data suggest that both position-specific cell adhesion differ-
ences and the localized expression of ephrins and Eph
receptors are involved in mediating the sorting of proximal
and distal limb bud cells. At this time, the evidence
suggests that A/P differences in cell–cell affinity are not
mediated by ephrin/Eph signaling; however, further studies
are required to draw a definitive conclusion.
A molecular interface between A/P cell sorting and
known signaling pathways that govern limb patterning is at
present unclear. The maintenance of A/P stripe formation
after exposure to ZPA tissue suggests that A/P differences
in cell affinity is not controlled by SHH or BMP-2 signaling.
The uniform expression domains of Shh and Bmp-2 in A/P
recombinant limb buds are also consistent with this con-
clusion. Another possibility that was tested is that position-
specific cell affinities may be linked to the expression of
members of the HoxD gene cluster, which are differentially
expressed along the A/P axis of the early limb bud. HoxD
expression in the developing limb is known to share re-
dundant function with HoxA genes (Davis et al., 1995;
Fromental-Ramain et al., 1996), and Hoxa-13 gene expres-
sion has been linked to the regulation of P/D cell affinities
(Yokouchi et al., 1995), possibly mediated by downstream
effects on ephrin/Eph receptor signaling pathways (Stadler
et al., 2001). In A/P recombinant limb buds, however, the
expression pattern of the most posterior HoxD gene, Hoxd-
13, was restricted to the distal bud and did not display an
expression pattern consistent with the distribution of the
posterior cells.
Specification of Digit Identity
In the early limb bud, digit identity is specified with
reference to the ZPA, and during digit forming stages, digit
identity is established by signals from the interdigital zone
(Dahn and Fallon, 2000). The morphological identification
of leg digits in chickens relies largely on phalangeal num-
ber, and as such is dependent on the organization of joint
formation during partitioning of the chondrifying digit ray.
During digit morphogenesis, joint formation occurs in a
proximal-to-distal sequence and is initiated by the onset of
Wnt-14 expression (Hartmann and Tabin, 2001). Thus,
formation of specific digits results from early ZPA signals
that empower cells of the interdigital zones with the ability
to induce digit-specific patterns of Wnt-14 expression do-
mains along individual digit rays (Dahn and Fallon, 2000;
Hartmann and Tabin, 2001). With respect to recombinant
limb buds, digit specification appears to occur uniformly
across the entire limb bud such that an individual recom-
binant limb bud forms multiple identical digits. Whether
recombinant limb digits are specified in a manner involving
interdigital zone cells and Wnt-14 induction is unknown.
Position-specific recombinant limbs composed of mesen-
chymal cells from anterior, central, or posterior regions of
leg bud formed skeletal elements largely, but not com-
pletely, according to their mapped fates. Fate mapping the
limb bud fragments used in our recombinant limb bud
study indicates that anterior fragments contain the rudi-
ment of digit I and most of the interdigital zone between
digit I and II that specifies digit I (Dahn and Fallon, 2000).
The formation of digits II or III in 50% of the anterior
recombinants represents a posteriorization that is not un-
expected given that anterior-to-posterior changes are
known to occur both in vitro (Anderson et al., 1994) and in
vivo (Noji et al., 1991; Wanek et al., 1991; Riddle et al.,
1993). In addition, the expression of posterior-specific
genes, such as Bmp-2, in anterior recombinant limb buds is
consistent with some degree of posteriorization. Fate maps
of the central fragment indicate that these fragments con-
tain interdigital zones important for the specification of
digits II and III (Dahn and Fallon, 2000). The finding that
central recombinant limb buds formed either digit II or III in
96% of the cases demonstrates that these cells are forming
digits in an appropriate position-specific manner. Fate maps
of the posterior fragment indicate that posterior fragments
contained interdigital zones important for the specification
of digits III and IV (Dahn and Fallon, 2000); thus, the finding
that 93% of posterior recombinant limb buds formed either
digit III or digit IV indicates that these cells are maintaining
their posterior character. These findings are largely consis-
tent with those previously reported (Hardy et al., 1995) and
suggest that early limb bud cells retain digit-forming char-
acteristics after dissociation and reaggregation.
Our finding that A/P recombinant limb buds formed only
central digits (digits II and III) is intriguing in light of
position-specific digit formation in recombinant limb buds
and cell marker studies. The combined data show that A/P
recombinant digit rudiments are composed of parallel
stripes of alternating anterior and posterior cell clusters, yet
they fail to form digit I or digit IV but differentiate into
digits with central characteristics (digit II or III). The
identity of digits is largely dependent on phalangeal anat-
omy and number that is controlled by the spatial localiza-
tion of joints. Two observations from our data set suggest
that joint formation in recombinant limb buds does not
occur in a normal manner, thus complicating accurate digit
identification. First, we found that 20% of the recombinant
digit joints analyzed were malformed, with phenotypes
including joints that were incompletely articulated as if
joint formation was initiated in a digit rudiment but failed
to completely form (see Fig. 1G). This type of mosaicism
associated with joint formation is consistent with the
autonomous behavior of distinct cell stripes that participate
in the formation of an individual digit rudiment. Second,
we found that 39% (55/140) of the recombinant digits
analyzed in this study could not be unambiguously identi-
fied, and that there was a relationship between digit com-
plexity (i.e., more joints) and the frequency of ambiguous
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FIG. 8. In vitro sorting of mesenchymal cells. (A) Anterior mesenchymal cells were isolated from stage 20-21 leg buds and half of them
were labeled with PKH26. Labeled and unlabeled cells were cocultured as a monolayer and analyzed after 18 h. No cell sorting was observed.
(B) Posterior mesenchymal cells were isolated from stage 20–21 leg buds and half of them were labeled with PKH26. Labeled and unlabeled
cells were cocultured as a monolayer and analyzed after 18 h. No cell sorting was observed. (C) Anterior mesenchymal cells were isolated
from stage 20–21 leg buds and labeled with PKH26. Labeled anterior cells and unlabeled posterior cells were cocultured as a monolayer and
analyzed after 18 h. Anterior cells sort out into aggregates (arrows) in A/P cultures. (D) Anterior cells were labeled with PKH26 (red) and
posterior cells were labeled with PKH2 (green) and reaggregated by centrifugation. Reaggregates were cultured for 48 h in hanging drop and
analyzed as whole-mounts by using fluorescent microscopy. Overlay of images captured using a rhodamine filter set and a fluorescence
filter set show sorting of anterior (arrowheads) and posterior (arrows) cells.
FIG. 9. Gene expression in A/P recombinant limbs. For all sections proximal is to the left and distal is to the right. Anterior recombinant
limb buds are shown in the top row (A–D). A/P recombinant limb buds are shown in the middle row (E–H). Posterior recombinant limb buds
are shown in the bottom row (I–L). (A, E, I) Alx-4 expression after 48 h. Alx-4 is expressed uniformly in anterior recombinant limb buds,
heterogeneously in A/P recombinant limb buds and not expressed in posterior recombinants. (B, F, J) Bmp-2 expression. Bmp-2 is expressed
in the distal region of all recombinant limbs. (C, G, K) Hoxd-13 expression. Hoxd-13 is not expressed in anterior recombinants (C). The
expression domain in A/P recombinants is restricted distally (G) compared to that in posterior recombinant limbs (K). (D, H, L) Shh
expression. Shh is expressed in most distal region of A/P (H) and posterior recombinant limbs (L) and not expressed in anterior recombinant
limbs (D).
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digits (posterior recombinant limbs, 61%; central recombi-
nant limbs, 32%; anterior recombinant limbs, 0%). These
observations suggest that joint formation in recombinant
limbs is highly anomalous and that digit identity in recom-
binant limbs should be interpreted with caution.
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